Measurement of nonuniform current densities and current kinetics in Aplysia neurons using a large patch method  by Johnson, J.W. & Thompson, S.
Measurement of nonuniform current densities and current kinetics
in Aplysia neurons using a large patch method
Jon W. Johnson and Stuart Thompson
Hopkins Marine Station, Stanford University, Pacific Grove, California 93950
ABSTRACT A large patch electrode
was used to measure local currents
from the cell bodies of Aplysia neurons
that were voltage-clamped by a two-
microelectrode method. Patch currents
recorded at the soma cap, antipodal to
the origin of the axon, and whole-cell
currents were recorded simultaneously-
and normalized to membrane capaci-
tance. The patch electrode could be
reused and moved to different loca-
tions which allowed currents from adja-
cent patches on a single cell to be
compared. The results show that the
current density at the soma cap is
smaller than the average current den-
sity in the cell body for three compo-
nents of membrane current: the inward
Na current (/Na). the delayed outward
current (/It), and the transient outward
current (/A). Of these three classes of
ionic currents, /A is found to reach the
highest relative density at the soma
cap. Current density varies between
adjacent patches on the same cell,
suggesting that ion channels occur in
clusters. The kinetics of /,,t, and on rare
occasions /A' were also found to vary
between patches. Possible sources of
error inherent to this combination of
voltage clamp techniques were identi-
fied and the maximum amplitudes of
the errors estimated. Procedures nec-
essary to reduce errors to acceptable
levels are described in an appendix.
INTRODUCTION
The processing of information by neurons is influenced by
the characteristics of the various voltage-dependent ion
channels that are expressed by the cell and the spatial
distribution of the different channels. Macroscopic volt-
age clamp techniques are well suited for studying the
collective properties of the ionic currents, and patch
clamp methods allow investigation of single-channel
properties. Neither method is particularly well suited to
investigation of the absolute and relative densities of the
various channel types in different regions of the cell; these
are crucial parameters when extrapolating from channel
properties to whole-cell behavior and for understanding
the regional specialization of function within neurons.
We have begun to study the spatial distribution of ionic
currents, and variability in the kinetics of currents, in
defined regions of voltage-clamped Aplysia neurons. The
method is adapted from the work of Frank and Tauc
(1964) and Neher and Lux (1969). A large patch pipette
is placed on an isolated, voltage-clamped neuron cell
body, and simultaneous measurements are made of
whole-cell currents and local currents in the patch of
membrane covered by the pipette. In order to compare
current densities in patch and whole-cell measurements,
the currents are normalized to membrane capacitance.
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The experiments reported here demonstrate that the
spatial distribution of Na and K currents on the cell body
is not uniform, and that the kinetics of outward currents
vary between patches on the same cell.
METHODS
Specimens of Aplysia californica weighing 30-200 g were obtained
from Sea Life Supply (Sand City, CA) and kept in flowing seawater at
ocean temperature (11-15°C). Buccal ganglion B cells were chosen for
study (Fiore and Meunier, 1979). The buccal ganglia were removed and
manually desheathed and the hemiganglia were separated by a cut
through the commissure. A group of neurons containing the B cell
cluster was isolated by cutting all nerves at their point of exit and by
removing the distal quarter of the hemiganglion. To reduce synaptic
input, the cell bodies of the A interneurons and adjacent cells were
removed by aspiration. The remaining clump of axotomized cells was
0.4-0.8 mm in diameter. We use the term "whole cell" to refer to the
soma and initial axon remaining after this isolation procedure. The cells
were bathed in a saline solution of the following millimolar composition:
476 NaCl, 39 MgSO4, 24 MgCl2, 10 CaC12, 10 KCI, 2 Hepes, pH
7.6-7.7. Bath temperature was maintained at 12°C.
Voltage clamp circuitry
The cells were voltage-clamped using a two-microelectrode method.
Current and voltage microelectrodes were filled with 3 M KCI (resis-
tance 2-5 MQ) and inserted into the cell body. The bath was voltage-
clamped to the ground potential using a separate voltage clamp ampli-
fier connected to the bath via two saline-agar bridges. Whole cell
current was measured from the voltage drop across a 500-kQl resistor in
series with the bath current electrode.
Currents were recorded from isolated patches of soma membrane
using large diameter patch pipettes that were fashioned by a single pull,
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broken at the desired orifice diameter (5-50 um), and lightly fire
polished. Pipettes with a gradual taper were preferred because they were
less likely to break into the cell. The orifice diameter that provided
acceptable recordings most consistently was about 20 Mm, corresponding
to a resistance of about 300 KU. Gentle suction (10-50 cm of H20) was
applied to the patch pipette to achieve a relatively high-resistance seal
between the pipette and the membrane. The suction was maintained
throughout the experiment. Higher seal resistances were obtained after
treating the desheathed neurons with 0.2% trypsin (type IX, Sigma
Chemical Co., St. Louis, MO) in normal saline for 30 min at 120C
(Westerfield and Lux, 1982; Siegelbaum et al., 1982). Using this
procedure, seal resistances of 1-100 MQ were achieved. After releasing
the suction, the pipette could be removed and applied to an adjacent area
of membrane. Patch recordings were always made from the hemisphere
of the soma antipodal to the origin of the axon. We refer to this region as
the soma cap.
The circuit used to control patch pipette potential and measure patch
current is a simplified version of a standard patch clamp amplifier and
employs a model 3528 operational amplifier (Burr-Brown Corp., Tuc-
son, AZ) in current-to-voltage converter configuration with a 100-MQ
feedback resistor. Adequate bandwidth for our purposes was achieved
with a simple circuit layout without frequency response correction.
Capacitive transients could be fully charged through the feedback
resistor, so that capacitive transient cancellation circuitry was unneces-
sary. Because cell voltage rather than pipette voltage was changed, the
potential difference between the inside and outside of the patch pipette
was always near zero and compensation for current loss across the seal
resistance was not needed. Whole cell currents and patch currents were
low-pass filtered at corner frequencies selectable between 30 and 4,000
Hz and photographed from the oscilloscope screen.
Measurement of membrane
capacitance
To compare current densities in whole-cell and large patch measure-
ments, the currents were normalized to membrane capacitance. This
method is preferred because extensive infolding of the neuronal mem-
brane makes a visual estimate of the area unreliable and because an
unknown amount of membrane is aspirated into the patch pipette when
suction is applied (Eaton, 1972; Mirolli and Talbott, 1972; Graubard,
1975). Membrane capacitance was measured by applying a triangle
wave voltage command to the whole-cell voltage clamp and recording
the resulting whole-cell and patch current waveforms (Fig. 1). Patch
capacitance can be calculated directly from the change in the time
derivative of voltage (A dV/dt) at the vertex of a triangle wave and the
corresponding jump in patch current (A I) from the equation:
c = AI/(A dV/dt)
(Neher, 1971; Palti, 1971). Because the voltage of the patch electrode is
equal to the bath voltage and only the voltage across the membrane
covered by the pipette is changing, the capacitance of the patch
electrode should be rejected. To test this, the suction applied to the
pipette was released and it was withdrawn about 100 ,um from the
membrane. The capacitance signal always decreased by a factor greater
than 10 when the pipette was withdrawn, indicating that greater than
90% of the capacitance measured when the pipette is in contact with the
cell is due to membrane capacitance.
Ideally, the capacitance of the whole cell could be measured with the
same procedure, but this was more difficult in practice. Cell bodies were
isolated as fully as possible; more drastic isolation caused injury
resulting in low resting potentials and loss of action potential overshoot.
The remnant of axon remaining after axotomy was several hundred
micrometers in length. This is much less than the length constant of
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FIGURE 1 Measurement of patch and cell capacitance. The upper trace
is cell voltage, the middle trace is patch current, and the lower trace is
whole-cell current. Cell voltage is clamped to a triangle wave with an
excursion from -40 to -80 mV at a frequency of 30 Hz. Jumps in
capacitive current at each triangle wave vertex can be seen in both patch
and whole-cell records. See Methods for details of the procedure used to
estimate membrane capacitance. Patch current filtered at fc - 2 kHz;
whole-cell current unfiltered.
6-16 mm reported by Graubard (1975), although during depolarization
the effective length constant of the axon will be shorter due to the
greater membrane conductance. Axon spikes (Hagiwara and Saito,
1959) were sometimes seen during depolarizing pulses in the whole-cell
current record, indicating that voltage was not always uniformly
controlled. This complicates the measurement of whole-cell capacitance
because the axonal capacitance is charged by the voltage clamp through
an axial resistance. As a result, the whole-cell current during a triangle
wave voltage command can exhibit three phases. The first phase, a large
jump in capacitive current corresponding to the charging of soma
capacitance, and the final phase, a straight line with a small slope due to
current flowing across the membrane resistance, are of similar form in
patch and whole-cell measurements. In the whole-cell record there may
also be an intermediate phase characterized by a slight curvature. The
curvature occurs because the nearly instantaneous change in dV/dt at
the vertex of the triangle wave in the soma is spread out in time in the
axon due to axial resistance in series with axonal capacitance. In the best
cases, the whole-cell current showed a nearly instantaneous jump when
the triangle wave changed sign and no intermediate curvature. This
indicates good cell body isolation. Curvature was almost never seen in
patch records except in rare instances in which the membrane was
aspirated more than 100 um into the patch pipette, creating an artificial
axon. Such patches were not used.
The whole-cell capacitance was estimated by extrapolating the cur-
rent recorded during phase 3 back to the time of the phase one jump.
The change in current was measured from a point just before the
triangle wave vertex to the level of the extrapolated line. This takes into
account the slow change in capacitive current flowing in the axon and
provides an improved estimate of cell capacitance. In most cells, the
correction was less than 15% of the total capacitance. The largest
correction was 30% of total capacitance. This is reasonable since a
poorly isolated neuron (not used for this study because of its unusually
large axon spikes) that was photographed after injecting the dye Lucifer
Yellow (Stewart, 1978) had a neurite area equal to approximately 50%
of the total membrane area, assuming uniform infolding.
In order to judge the accuracy of this approach, an electrical model of
a cell body and axon was constructed and voltage-clamped to triangle
wave commands like those used in experiments. The values used for
membrane capacitance and resistance were derived from measurements
on Aplysia cells. Axial resistance was calculated from the least favor-
able estimates of Graubard (1975) and the dimensions were measured
from Lucifer Yellow-filled neurons. With a variety of equivalent axon
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lengths, the current waveforms measured from the electrical model were
remarkably similar to those recorded from cells. Even when 50% of the
total cell capacitance was distributed in an axon with an equivalent
length of 500 Mm, 88% of the true capacitance was measured by this
method. With shorter equivalent lengths, the accuracy greatly
improved.
RESULTS
Currents measured in membrane patches at the soma cap
during action potentials resemble the first derivative of
intracellular voltage (dV/dt). Because capacitive current
is proportional to d V/dt, while the ionic currents responsi-
ble for generating the action potential would flow in the
opposite direction, this observation indicates that most of
the current crossing the soma cap during the action
potential is capacitive and that the action potential is
generated elsewhere, either at the axon hillock or the
proximal axon. Records of membrane voltage, patch
current, and dV/dt during action potentials in three
different cells are shown in Fig. 2. In Fig. 2, A and B,
there is little difference between the patch current and
dV/dt, suggesting that capacitive current overwhelms
active ionic currents. This result is typical of the majority
of cells. In Fig. 2 C, the patch current is slightly outward
during the falling phase of the action potential, suggesting
that in this patch, a significant outward current is acti-
vated during the spike.
The densities of ionic currents in the entire cell body
and in large patches were measured in voltage clamp
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experiments. Three components of the current were sepa-
rated using standard methods based on differences in
voltage dependence and kinetics, as described in the
legend to Fig. 3 (Adams et al., 1980). Example records of
INa can be found in Fig. 7, of IOXIt in Figs. 4 A and 5; and of
IA in Fig. 4 B. Patch and whole-cell currents were scaled
by membrane capacitance in order to estimate current
densities. Cell capacitance ranged from 2.7 to 11.2 nF and
patch capacitance was between 19 pF (patch pipette
orifice diameter = 13 ,m) and 327 pF (orifice diame-
ter = 50,um).
The bar graphs in Fig. 3 show examples of patch and
whole-cell current densities in two different neurons and
indicate that the soma cap region has a much lower
density of INa and 'out than other regions of the soma and
proximal axon. In these examples, the density of 'A is
similar in the whole cell and patch measurements. The
mean ratios of whole-cell current density to patch current
density for 12 patches are given in Table 1. In each case
the ratio is significantly greater than 1, indicating that the
cap region has a relatively low density of channels. The
only exception was that in two of the nine measurements
of 'A, a higher current density was found at the soma cap
than in the whole cell.
There was considerable variability in the ratio of
whole-cell to patch current density, as evidenced by the
large values obtained for the standard deviations in Table
1. This suggests that currents are not uniformly distrib-
uted in the soma. Spatial variation in current density was
studied by comparing currents in several patches on the
C
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FIGURE 2 Membrane voltage, patch current, and the first derivative of membrane voltage (dV/dt) during action potentials in three neurons. The
upper traces show membrane voltage recorded with an intracellular microelectrode in the soma. The middle traces are membrane currents measured
simultaneously with a large patch electrode placed on the soma cap. The lower traces are dV/dt calculated from the measurements of membrane
voltage.
20 ms
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FIGURE 3 Comparison of current densities in a membrane patch at the
soma cap (P) with the whole cell current densities (W) in two cells. The
bar graphs show the current densities for each of three components of
membrane current. IN, was measured at the peak of the inward current
transient during a voltage step from -40 to 0 mV (cell 2 and all cells
used for Tables 1 and 2) or to + 10 mV (cell 1). Addition of 10 ,uM
tetrodotoxin (TTX) to the bath produced a nearly complete block of the
whole-cell inward current. With a delay of several minutes the patch
inward current was also blocked, indicating that the TTX was diffusing
into the patch pipette. The amplitude of Iout was measured 200 ms after a
voltage step from -40 to + 10 mV and results from a partial activation
of both voltage-dependent, and Ca-dependent K currents (Thompson,
1977). IA was measured at the peak of the outward current transient
during a pulse to - 20 mV after removing IA inactivation with a 500-ms
conditioning pulse to between - 90 and -110 mV. Leakage current was
estimated from the amplitude of the current during hyperpolarizing
pulses from the -40-mV holding potential and subtracted from all other
measurements.
same neuron. Table 2 gives the patch current densities for
'Na' iout' and IA in four patches at the soma cap. The
current densities vary widely with the largest variation
occurring in Iout, Similar patch-to-patch variability was
observed in all of the experiments in which multiple
patches on the same cell were compared.
TABLE 1 Ratio of whole-cell current density to patch
current density, standard deviation of the ratio, and
number of measurements
Ratio of current densities
Current type W/P SD n
IN. 9.5 4.3 8
'out 5.0 2.2 9
IA 2.4 1.6 9
Data gathered from 12 patches on five neurons in which all criteria for
quantification of current density were met. All three ratios are signifi-
cantly greater than one (IN. and I'ot' P < 0.001; IA' P < 0.025; Student's
t test). See legend of Fig. 3 for details of the measurement protocols.
TABLE 2 Patch capacitance and current densities for
four patches from a single cell
Patch Capacitance INa Iout IA
pF pA/pF
1 3 1 3.2 7.4 0.56
2 38 4.2 6.9 1.3
3 30 3.7 12.0 1.3
4 28 4.3 22.3 0.71
See legend of Fig. 3 for details of the measurement protocols.
Kinetic differences
In several experiments the patch current followed a
different time course than the whole-cell current. Fig. 4 A
shows examples of outward currents recorded simulta-
neously in a patch located at the soma cap and in the
whole cell. The whole-cell current reaches a peak and
then inactivates during the depolarizing step as previously
described (Aldrich et al., 1979), but the patch current
continues to increase throughout the step. The Ca-
dependent K current (Ic) may contribute to the gradually
increasing outward current observed in the patch, but is
unlikely to be the sole component of noninactivating
outward current. This is because the large outward tail
current after the return to the holding potential decays
about 100 times faster than the Ic tail current in the whole
cell under the conditions of this study (Thompson, 1977;
Barish and Thompson, 1983; Thompson et al., 1986). The
tail current in the patch decays at a rate similar to that of
the voltage-dependent outward current, IK (Adams et al.,
1980). Tail currents with a time course typical of Ic were
observed at the soma cap in three other patch experiments
where the average Ic current density in the patch was
3.7-fold lower than the average whole-cell current densi-
ty. The data in Fig. 4 A suggest that both inactivating and
noninactivating components of voltage-dependent out-
ward current are expressed simultaneously in the same
cell.
Patch records of the transient K current, IA, sometimes
had a time course different from that of the whole-cell
current. Simultaneous records from the whole cell and
from a patch at the soma cap are compared in Fig. 4 B. In
the patch, the peak current occurs later and the current
decays more slowly than the whole-cell current, suggest-
ing that the rates of IA activation and inactivation in the
patch are slower than the average rates in the whole cell.
These differences were obtained over a wide range of
prepulse voltages and IA amplitudes, and it appears that
they are due to differences in the kinetics of IA rather than
contamination from other currents activated by the depo-
larizing pulse.
Records from multiple patches on a single cell indicate
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FIGURE 4 Comparison of whole-cell and patch outward current. Cell voltage is shown in the upper traces. Patch currents (middle traces) and
whole-cell currents (bottom traces) were recorded simultaneously. (A) I0,,, during a 1-s pulse to +10 mV from a holding voltage of -40 mV. (B) IA
recorded during depolarizing pulses to - 30 mV applied after a series of 500-ms conditioning pulses to voltages between -40 and - 120 mV. Eight
different sweeps are superimposed. The two sweeps exhibiting the largest IA amplitude in the patch records overlap, as do the three sweeps with the
largest IA amplitude in the whole-cell records.
that the kinetic properties of currents at different loca-
tions near the soma cap are not uniform. Data from two
patches on the same cell are compared in Fig. 5. Two 1-s
pulses from -40 to +10 mV were presented with an
interpulse interval of 1 s and the resulting currents were
superimposed to illustrate the cumulative inactivation of
delayed outward current (Aldrich et al., 1979). In Fig.
5 A, the delayed outward current in the patch inactivates
at about the same rate as the whole-cell current and both
records show cumulative inactivation. In Fig. 5 B, how-
ever, a nearby patch shows no inactivation during the
same pulse sequence. It appears that at least some of the
kinetic differences between whole-cell and patch currents
illustrated in Fig. 4 A also occur between different
patches on the same cell.
A
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DISCUSSION
The combination of two-microelectrode voltage clamp
with focal current recording using a large patch electrode
allows detailed examination of the regional specialization
of function within neurons. The principal advantages of
the method are: (1) patch currents are recorded from a
well-defined, limited area of membrane with low noise
and high bandwidth; (2) voltage across the membrane
patch is well controlled, resulting in fast settling of
capacitive transients and allowing accurate current mea-
surement at early times after a voltage step; (3) the
current density, and the kinetics of currents, in the patch
can be compared with macroscopic currents recorded
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FIGURE 5 Comparison of outward currents in the whole cell and in two separate patches on the same neuron. Cell voltage appears in the upper trace,
patch currents at the soma cap in the middle traces, and whole-cell currents in the lower traces. Currents were activated by a 1-s step to +10 mV from
the holding voltage of -40 mV. The voltage was returned to -40 mV for 1 s and a second step to +10 mV was made. Currents recorded during the
two voltage steps are superimposed. After the recordings in A were made, the patch pipette was removed and applied to an adjacent patch at the soma
cap. Part B shows currents resulting from the same pulse sequence.
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simultaneously from the whole cell; (4) several patches
can be sampled from the same neuron.
Frank and Tauc (1964) first used this approach to
study local membrane currents from voltage-clamped
molluscan neurons and it has subsequently been used in
several studies to record currents from restricted, well-
clamped regions of the soma (e.g., Neher and Lux, 1979;
Neher, 1971; Eckert and Lux, 1976; Westerfield and
Lux, 1982). A modification of the method introduced by
Strickholm (1961) was used to measure currents from
patches on skeletal muscle cells (Almers et al., 1983). In
this "loose patch clamp" method, the patch voltage rather
than the cell voltage is changed. The large currents that
flow across the seal resistance of the patch electrode in
this configuration require elaborate compensation or an
electrically guarded concentric patch pipette (Stuhmer et
al., 1983; Almers et al., 1984). The method allows mea-
surement of local membrane current and estimation of
channel density in cells that cannot be voltage clamped
effectively by other techniques.
Heterogeneity in current density
The nonhomogeneous distribution of membrane currents
in molluscan neurons was suggested by several studies. A
relatively low density of transient inward current in the
soma was observed using a combination of intracellular
and extracellular electrodes to gauge current density
(Tauc, 19762a, b) as well as by using large patch elec-
trodes on voltage-clamped cells (Frank and Tauc, 1964;
Neher, 1971). Delayed outward currents were observed to
reach larger amplitudes than inward currents, suggesting
that the soma is predominantly a source of potassium
current (Neher, 1971; Neher and Lux, 1971). Kado
(1973) used a differential pair of external voltage elec-
trodes to estimate local current amplitudes and found that
the Na current is larger in the axon than in the soma
whereas Ca and K currents are larger in the soma. A
higher Ca current density in the soma relative to the axon
was also suggested by Horn (1978) and by Standen
(1975). Thompson and Coombs (1988) used the method
described here to measure Ca current density in the soma
and found that it is lowest near the soma cap and
increases as the axon hillock is approached.
The current densities of INa, I., and IA were, with few
exceptions, significantly lower in patches at the soma cap
than the average current densities in the axotomized cell
body. Because whole-cell measurements were made from
neurons axotomized to within several hundred microme-
ters of the soma, these data suggest that higher channel
densities are to be found near the axon hillock or the
initial segment of the axon. The difference in current
density was greatest for INa and it appears that the density
of INa at the soma cap is so low that this region does not
contribute significantly to the generation of action poten-
tials. This is shown by the fact that during the rising phase
of the action potential the current was always outward in
patch records from the soma cap, a result that is consis-
tent with the earlier findings of Tauc (1962a, b) and
Neher (1971).
There is some uncertainty in the measurements of INa
in the whole cell because of incomplete control of axonal
membrane voltage. A regenerative response in the axon
could depolarize axonal membrane to a voltage greater
than the command voltage and lead to overestimation of
the amplitude of the whole cell inward current. However,
the overestimate could not be very large. In membrane
patches, a step of 0 mV activates INa to two-thirds of its
maximum amplitude. If there were complete escape in the
axon during the step to 0 mV, the apparent amplitude of
the whole-cell current would be at most 1.5 times the true
value. The larger ratio of whole-cell/patch inward cur-
rent density in Table 1 makes it clear that the density of
inward current channels is many times lower at the soma
cap than elsewhere on the axotomized neuron.
The measurements of Iot and IA in the whole cell are
subject to less uncertainty because outward currents do
not cause regenerative escape and because measurements
of outward current are made at later times when the
membrane capacitance is fully charged. For IA, the ratio
of whole-cell/patch current density was significantly
smaller than for either INa (P < 0.04, Behrens-Fisher t
test (Snedecor, 1956)) or Iout (P < 0.02) indicating that
the soma cap is enriched in IA relative to the other
currents. In two out of nine experiments, the IA density
was higher at the soma cap than in the whole cell. IA has a
strong influence on the interspike interval during repeti-
tive firing (Connor and Stevens, 1971) and these results
suggest that the soma membrane plays a more significant
role in the modulation of firing rate than in action
potential generation.
Large patch recording reveals local nonuniformities in
the distribution of ionic currents in Aplysia neurons.
There was much greater variability in current density
between different patches on the same cell than would be
expected if channels were randomly distributed. For
example, the four measurements of IA density in Table 2
give a mean ± SD of 0.97 ± 0.39 pA/pF. Because the
patch electrode samples a small fraction of the total cell
surface, the Poisson distribution can be used to estimate
the expected SD of channel number if their distribution
were random. Assuming a single channel conductance of
14 pS (Taylor, 1987), an open probability of 0.5, and a
driving force of 60 mV at -20 mV (Brown and Kunze,
1974), the mean.current density corresponds to a mini-
mum of 64 channels in the smallest of the four patches.
The SD expected from the Poisson distribution is 8, while
the observed SD corresponds to 26 channels. Similar
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calculations for the measurements of Iout in Table 2
indicate an even larger deviation from random distribu-
tion, although in this case the interpretation is compli-
cated by the possible contribution of different channel
types. The results suggest that the potassium channel
distribution is far from uniform and are consistent with
the idea that potassium channels occur in multichannel
aggregates, as has been suggested for IA (Taylor, 1987).
Nonrandom channel distributions have also been
observed for INa, and to a lesser extent IK, in frog skeletal
muscle (Almers et al., 1983) and for Ca channels in
molluscan neurons (Thompson and Coombs, 1988). It
appears that clustering of ion channels may be a general
phenomenon (Almers and Stirling, 1984; Poo, 1985).
These results suggest that mechanisms exist to regulate
the insertion and anchoring of ion channels into particular
regions of the cell. Such mechanisms can have a great
influence on neuronal function.
Heterogeneity in kinetics
In some experiments there were clear differences in the
kinetics of whole-cell and patch outward currents. This
was particularly striking for Iou,. Cumulative inactivation
of the delayed outward current was always seen in the
whole-cell records while patch currents often grew
steadily without inactivating during long depolarizations.
I,. exhibited different inactivation kinetics in adjacent
patches on the same cell. The variability in kinetics
suggests that a single neuron may express two or more
species of voltage-dependent K channels, some showing
strong inactivation and others little or none (Llano and
Bezanilla, 1985; Strong and Kaczmarek, 1986; Ram and
Dagan, 1987).
Differences in the kinetics of IA between the patch and
the whole cell were rare, but when present the difference
persisted over a wide range of current amplitudes, indi-
cating that contamination from other currents was not the
cause. Evidence for cellular differences in the kinetics of
IA has been found in several preparations, including
molluscan neurons (Serrano, 1982), and at the single-
channel level in Drosophila neurons and muscle cells
(Solc et al., 1987).
APPENDIX
The large-patch method for recording local current density is subject to
several potential errors. Some sources of error are inherent to any patch
clamp method; relevant discussions of patch clamp and loose patch
techniques can be found in Sakmann and Neher (1983). Other error
sources are due to interactions between the whole-cell and patch clamp
circuits. Because the waveform of the patch current often resembles the
whole-cell current, the pickup of a fraction of the whole cell current by
the patch circuit could represent a serious artifact that might easily be
overlooked. A description of the five most important sources of error
follows, along with estimates of their worst-case magnitudes and the
methods used to reduce errors to acceptable levels. This section makes
reference to the schematic diagram in Fig. 6; the symbols are defined in
the figure legend.
Inadequate control of cell voltage
The gain of voltage clamp amplifiers is usually sufficient to keep the
magnitude of the membrane voltage error acceptably small. However,
when the current, and thus the membrane voltage error, changes
quickly, a significant current can flow across the capacitance of the
membrane patch and be measured by the patch clamp amplifier. The
error current is:
Ie = Cmp (dVm,/dt).
The definition of open loop gain, V.,, = - VO/A, can be differentiated to
replace dV,,/dt ifA is assumed to be time independent. Assuming that
R.j is constant, and noting that when the cell is voltage-clamped to a
constant command voltage, V0 changes much more quickly than Vm, the
following approximation can be made:
dVo/dt = (dIm/dt) Rj.
FIGURE 6 Schematic diagram of a cell with voltage clamp electrodes
and the large patch pipette in place. The symbols used in the figure and
in the text are as follows: A, voltage clamp open loop gain; BCA, bath
clamp amplifier; C¢, coupling capacitance between voltage clamp cur-
rent electrode and patch electrode; Cp,, capacitance of membrane
patch; I, current error; I,, membrane current supplied by voltage
clamp; Ip, patch membrane current supplied by patch clamp amplifier;
R., resistance of voltage clamp current electrode; Rp, axial resistance of
patch electrode; R,,, resistance of seal between patch pipette and cell
membrane; R., series resistance between the outside of the patch
electrode and BCA; V,, voltage clamp command voltage; V., voltage
error at tip of the patch pipette; V.,, membrane voltage error (mem-
brane voltage minus command voltage); V0, voltage clamp output
voltage.
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This equation does not hold during capacitance measurements, but in
that case dVo/dt is small and the error is insignificant. From these
equations the current error due to capacitive current in the patch during
changes in membrane voltage error can be approximated by:
Ie =-CmpRci(dIm/dt)/A.
We minimized this error by using low-resistance microelectrodes and by
configuring the voltage clamp amplifier so that it had a high open loop
gain (-4 x 105) at low frequencies. Such a high gain results in damped
oscillations for 0.1-1 ms after large voltage steps but the oscillations do
not interfere with the measurements described here. The gain of the
amplifier, A, is frequency dependent because of the limited bandwidth
of operational amplifiers. The open loop gain at 1 kHz (near the highest
frequency at which dI/dt in these cells has significant power) is
approximately 50,000. Using this value for A, the most rapidly changing
whole-cell current (1 mA/s), and a large value for current microelec-
trode resistance (10 mQl), the maximum error (normalized to Cmp) is
calculated to be 0.2 pA/pF. An error of this magnitude would occur only
while the whole cell current is changing rapidly, and made no significant
contribution to the measurements reported here.
Capacitive coupling between
electrodes
Capacitive coupling between the current electrode of the voltage clamp
and the patch pipette can produce an artifactual patch current. Using
the approximation of dVo/dt given above, the magnitude of the current
error is:
Ic = CcRei(dIm/dt).
The coupling capacitance was measured by driving the voltage clamp
current electrode with a triangle wave of about 100 V peak-to-peak
amplitude and monitoring the current jump in the patch electrode when
the triangle wave changes sign (see Methods). When the electrodes are
not shielded from each other, the coupling capacitance can be over 100
fF, which produces a large error. By inserting a grounded copper plate
between the current and patch electrodes, and by paying careful
attention to the experimental layout, the coupling capacitance can be
reduced to about 1 fF. The cell voltage electrode and the patch pipette
are placed on the same side of the shield, opposite the cell current
electrode. The shield also serves to reduce coupling between the current
and voltage electrodes of the voltage clamp, allowing higher voltage
clamp gain and reducing high-frequency noise in the whole-cell current
record. Assuming a coupling capacitance of 1 fF and the values given
above, the worst case error is 10 pA. It should be noted that the two error
sources described above depend on the current electrode resistance
which may change when large currents are flowing. Using low resistance
current electrodes helps to minimize this problem.
Series resistance in the bath
A third kind of error occurs when the voltage outside the patch pipette
changes due to current flowing in the series resistance between the
membrane and the input to the bath ground or virtual ground (Rsr). The
error current across Rsr is given by:
Ie = Im RsrIRs,,
Rsr is the sum of the series resistances of the bath, the agar bridge, and
the liquid-silver chloride junction at the bath electrode. Since the
epineural sheath is removed and the cells are immersed in a highly
conductive saline, the series resistance of the bath is small, but the
resistance of the agar bridge and the bath electrode is typically several
k5l. The error due to series resistance can be reduced by measuring the
bath voltage with a separate electrode and substracting it from both the
patch voltage reference and the membrane voltage input to the voltage
clamp. Instability can result, however, if the bath voltage is measured
with a greater bandwidth than the membrane voltage. This is commonly
remedied by decreasing the bandwidth of the bath voltage follower, an
approach that degrades the performance of the voltage clamp and can
produce other sources of error. The solution we used, which eliminates
the need to subtract the bath voltage at the other circuits, was to voltage
clamp the bath using an independent clamp amplifier. Two separate
agar bridges and silver chloride pellets were used to measure bath
voltage and to pass current to the bath. Because of the low resistances of
these electrodes, a simple but very fast bath clamp circuit can be
constructed from a single operational amplifier (a Harris Corp. model
5110 was found to work well). This circuit holds the bath voltage to
within 0.5 mV under all conditions except for an excursion of a few
millivolts lasting less than 50 ps after very large voltage steps. A
differential amplifier was used to measure the whole-cell current from
the voltage drop across a 500 kQl resistor in series with the bath current
electrode.
The remaining series resistance was estimated from the equation
described above by measuring whole cell and patch currents during the
production of axon spikes with R,, left intentionally low. Since axon
spikes cannot occur in a soma membrane patch, a rapidly changing
current recorded by the patch amplifier during the axon spike must be
equal to Ie, Rsr was found to have a value of about 100 Ql under these
conditions. A maximum error of 30 pA was calculated using this value, a
seal resistance of 1 MQ (the minimum accepted during experiments),
and a whole-cell current amplitude of 300 nA. An error of this
magnitude would occur only when a large pipette with a low seal
resistance is used and when large currents are flowing. In practice, the
error was insignificant even when the current density in the patch was
only 10% of that in the whole cell.
Current flowing across the
seal resistance
The error resulting from current flowing in the seal resistance between
the patch pipette and the bath can be calculated from the equation:
Ie = Ip Rp/(Rp + RJ.)-
The seal resistance was improved by treating the cells with trypsin and
by applying suction to the patch pipette as described in Methods. With
this procedure, seal resistances greater than 100 times the axial resis-
tance of the patch pipette were often achieved. Data were not accepted
unless (Rp + R,,) was at least 10 times Rp, so this error was limited to a
maximum of 10%. We found it necessary to maintain suction on the
patch pipette throughout the experiment in order to maintain the seal
resistance. This sometimes resulted in a gradual increase in patch area
as membrane was slowly pulled into the pipette. In order to control for
the changing membrane area, it was necessary to make current and
capacitance measurements as close together in time as possible. The
application of suction sometimes caused the resting conductance of the
patch to increase abruptly, suggesting that the membrane had ruptured.
Surprisingly, patch conductance often recovered when the suction was
released and the cell appeared undamaged. A possible explanation is
that stretch-activated channels may be opened by membrane deforma-
tion during the application of suction (Guharay and Sachs, 1984;
Sigurdson et al., 1987). The sudden development of high patch conduc-
tance was the most common cause for rejecting a patch from further
study.
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FIGURE 7 Absence of axon spikes in large patch current measurements.
The upper trace is cell voltage, the middle trace is patch current, and the
lower trace is whole-cell current. After a step from -40 to 0 mV, a
transient inward current is seen in both the whole-cell and patch records.
Subsequent inward transients in the whole cell record which result from
uncontrolled spikes in the axon are rejected in the patch recording.
Axial resistance of the
patch electrode
A final source of error is the voltage drop that results from current
flowing in the access resistance of the patch pipette. With a typical
patch electrode resistance of 300 kS2 and maximum patch current of 500
pA, the resulting voltage error is 0.15 mV, an insignificant error in these
experiments.
In summary, the major errors inherent to the large patch current
recording method can be reduced to acceptable levels by increasing the
gain and bandwidth of the microelectrode voltage clamp, by using low
resistance voltage clamp electrodes, by paying careful attention to
experimental layout, by ensuring good control over bath voltage, and by
achieving a reasonably high seal resistance. The first three errors
described above are difficult to quantify but the conclusion that these
errors are reduced to acceptable levels is supported by direct observa-
tion. If these errors were significant, an artifactual current that depends
on the amplitude of the whole cell current would be recorded by the
patch electrode, especially when the whole cell current changes rapidly.
The observation that axon spikes appearing in the whole-cell record are
consistently rejected in the patch current record (Fig. 7) supports the
conclusion that such artifacts were successfully eliminated.
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